The microwave spectrum of the mono-deuterated phosphine (PH 2 D), arsine (AsH 2 D), and stibine (SbH 2 D) has been measured. Although a supposedly pure sample of stibine was prepared, phosphine and arsine proved to be major impurities. They were separated from the sample; the microwave spectrometer was used to monitor the distillation process. The quadrupole fine structure associated with the absorption transitions for AsH 2 D is used to illustrate the special assumptions which may be made with these molecules having an axis of charge symmetry. These assumptions allow one to rotate the coordinate system from the charge-symmetry axes to the inertial axes without thereby adding unknown cross derivatives to the descriptions of the dyadic VEzz. Interpretation of the spectrum of SbH2D is more complicated. It is not found possible to fit the theory to the observed lines without making use of the second-order perturbations due to a nearby level of different symmetry but of the same J. This perturbation involves the cross derivatives which had previously been assumed to be zero. With the assumption of cross derivatives approximately one percent of the diagonal terms, the theory fitted experiment within the experimental error.
MICROWAVE SPECTRUM OF PHOSPHINE, ARSINE AND STIBINE

Introduction
The essential problem, the solution of which forms the topic of this report, is that of verifying the spins assigned to the two stable antimony isotopes and of determining the ratio of their quadrupole moments. Antimony forms one of a small group of stable elements (Hg, Xe, Rb, Ir, Sb) (Ref. 1) in which the addition of two neutrons changes the spin by one unit. All of the spin assignments to these nuclei have been made by means of measurement of hyperfine structure of optical spectra. None has as yet been verified by microwave spectroscopy, where the resolution available is sufficient to fix the spin of the nucleus without a doubt. Antimony is of interest because of the recent revival of the shell model for nuclei. On the basis of this model those nuclei which come just after or just before the closing of a shell should have easily predictable electric and mechanical moments. Since antimony falls in the periodic table just after the closing of a proton shell at 50, a precise determination of its properties is of interest to the theories of shell structure (2, 3, 4, 5) .
The nuclear information which one obtains from measurements using the techniques of microwave spectroscopy is contained in the fine structure associated with the absorption lines caused by the transition of a molecule from one rotational state to another.
Before the nuclear information can be interpreted, the structure of the molecule must be determined. Consequently any investigation of nuclear properties carries with it, as a by-product, the determination of the structure of the molecule used. The only known simple molecule containing antimony and possessing the necessary properties of volatility and a permanent electric dipole moment is stibine. Before the advent of microwave spectroscopy with its discovery of the prevalence of s-p hybridization, Stevenson (3) predicted the structure of the molecules phosphine, arsine, and stibine, using vibrational data, and published covalent radii for the first two and extrapolated to the structure of stibine. He assumed that the stability of the s orbits in the heavy atom would be such as to make the bonds almost pure p and therefore the bond angle (the angle formed by any two hydrogens and the heavy atom) would be 90 degrees. He allowed himself a fair amount of latitude, quoting + 1 degrees and + . 02 A. It was not felt, however, that the angle, in particular, could be predicted that accurately. The physical properties (7) of this chemical group of molecules, fortunately, have been precisely determined, and in particular the fact has been established that both stibine and arsine are quite unstable at room temperature, disintegrating into hydrogen gas and the metal. The investigation was begun therefore, with the following data:
Heavy atom ( Kdebye Bp Mp r(A) 0 I Q(10-24cm 2) \ units ] Perhaps the simplest transition on which to measure the fine structure due to nuclear quadrupole interaction is the J = 0 -1 in a symmetric top. In the case of stibine, however, this theoretical simplicity is not obtained without experimental complexity. The J = 0 + 1 transition of SbD 3 , indeed, comes in the region around 85, 000 Mc/sec or roughly three times the frequencies produced by the highest frequency reflex klystrons in general use at the end of the war. Techniques for employing the third harmonics of 11-mm klystrons, however, had been developed by Robert Kyhl while at this laboratory. It was first proposed to search for the J = 0 +1 transition of SbD 3 by using these techniques.
However the available sensitivity (a--10-6) was such that, even with a pure sample of SbD 3 in the absorption cell, the lines would not have been seen if the dipole moment was a factor of two or more smaller than the hoped-for value of 0.5 debye units.
With these facts in mind calculations were begun on the variation of transition frequency with structure of the isotopic species SbD 2 H and SbH 2 D. These molecules fall in the class known as asymmetric tops for which Cross, Hainer and King (9) have tabulated the energy levels as a function of J, the two symmetry indices K 1 and K+1, and K, the asymmetry parameter. If one assumes that the bond angle is the same in all four isotopic species, and that the bond distance is not changed by substituting a deuterium for a hydrogen, then great simplification occurs in the calculation of K. If the coordinate system is set up as in Fig. 1 , the molecular dipole moment is along the z' axis, and one is interested in c-type transitions for small ' and a-type for large '. Since there It can be seen that near 90 degrees SbHZD is an almost symmetric top but one with a dipole moment perpendicular to the symmetry axis. It may also be noted, that while SbH 2 D is an asymmetric top as determined by its mechanical moments, it is still chargesymmetric about the z' axis.
Since arsine and phosphine, from stability considerations, were likely impurities, This absorption shows nuclear electric quadrupole structure, but, of course, no isotope structure.
The theory of quadrupole coupling in asymmetric tops has been worked out by Knight and Feld (10) and also by Bragg (11) . These authors show that while the magnitude of the splitting of each level is a function of the diagonal terms of the dyadic V Ez expressed in the coordinates appropriate to the principal axes of the top, and F, the vector sum of I and J. For J < 3 the notation of Bragg's second article (12) is convenient since the reduced energy matrix may be diagonalized as an explicit function of K. The theory will be illustrated for J = 1 where it is particularly simple. In the usual notation: o has been fixed here by the fact that the structure of arsine was precisely determined by using the 101 1 11 transition frequency.
At this point one could plot a number of patterns using different scales until some of the lines were identified, at which point the scales for the individual levels could be determined by taking differences. It is also possible, by using the charge symmetry of the molecule, to make a very good first guess. If we express the dyadic VEzz in the x'y'z' coordinate system of the charge symmetric axes and then transform to the inertial axes, we get the following expressions:
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In the charge symmetric coordinates the following relations among the elements of V E obtain:
Reducing the equations for Vaa' Vbb' and Vcc, to equations in terms of Vz,z, and ' gives
When these values of Vaa, Vbb, and Vcc, with ' determined from the graph in Fig. 7 . Since the 101 I. 1 transition does not determine the bond angle, it is not possible from a measurement of the position of this transition alone to plot the predicted quadrupole pattern. Furthermore, as can be seen from a reference to the graphs in Fig. 3 , the other transitions fall rather close together if the bond angle is close to 90 degrees. Consequently a careful search was undertaken toward higher frequencies in order to make sure that there were no other observable lines.
None were found within a region of 1, 500 Mc/sec above and none were found between 28,150 Mc/sec, the position of the next group of lines found below the 101 + .111
Assuming that no lines have been missed, these two groups are the J = 1 and J = 2 transitions respectively, and they fix both the bond angle and the bond length.
It is important that the transitions found at 26, 700 Mc/sec be assigned to the correct J value since they fix the bond angle and therefore the expected quadrupole pattern for the J = 1 level. Because of the complexity of the J = 2 quadrupole pattern (there will be 13 lines due to each isotope, completely interlaced, since the isotope shift is of the order of 5 percent of the quadrupole splitting), it would be tedious to measure the frequency of each line and to make a careful estimate of its relative intensity. This is particularly true since from a qualitative observation of the Stark splitting on each line it could be seen that these Stark components required a stronger field to split out than do those at J = 1. The use of a strong field tends to vitiate the gains in line intensity made thereby because in the spectrometer as presently designed the electric forces set up mechanical vibrations in the sample cell which modulate the r-f energy in just the same fashion as the absorption lines. Weaker Stark fields make useless the relative intensity estimates.
Some other means had to be used to identify these lines.
One cannot assume that merely by searching over the region between these lines one 
111
The changes in the 1 1 level which are necessary to bring the observed lines into agreement with theory are computed separately for each isotope, their ratio must be as the ratio of the Q 's, which can be determined to better than one percent from first-order theory. When this is done the following results are obtained: The structure parameters determined in the investigation just described are those numbers which, when fitted into the rigid rotor approximation,
give the observed frequencies. Since, at the most, only two groups of lines are measured for each molecule, the system is determined, and the accuracy of the determination is apparently limited only by the measurement of the frequencies. Although the accuracy of frequency measurement is of the order of 1 part in 106, the assignment of such accuracy to the structure parameters would be meaningless outside of the particular transition on which they were measured. While not evaluated in this investigation, several known effects may be pointed out which limit the accuracy of the structure determination.
Because these molecules are so light, rotationally speaking, the energy associated with even a low value of angular momentum is high. Consequently the distortion of the molecule by the rotational motion can be expected to be large. From observations made on such molecules as HDS 3 2 the effect can be estimated to be of the order of 10 Mc/sec at J = 1, thus reducing the meaningfulness to 1 part in 103. No, account, furthermore, has been taken of the zero-point vibrations and in particular of the effect of the one deuterium on the assumption of equal angles and radii. In consideration of the above it was not felt reasonable to quote the structure to more than three significant figures. The absence of any structure due to inversion doubling must also be taken to mean that the ground state inversion vibration frequency in all three molecules is less than the line width, about one half a megacycle (18) .
* Infra-red determination of I b for PH 3 was used to fix r and 0 (6).
Dipole Moments.
The accuracy of dipole moment determinations by the methods of microwave spectroscopy is ordinarily limited by the precision with which the applied electric field can be measured. In the investigation described above, all the dipole moments were sufficiently small to make the errors quoted those of the frequency measurement. debye units observed previous (13) It is to be noted that the sign of eqQ changes from arsenic to antimony as expected from the signs of their respective Q's.
The column headed eQVac was included as a cautionary measure; these values were not used in the pattern-fitting process. No one, apparently, has considered the possibility that these cross derivatives might be substantial. Consequently, this particular one, which can easily be calculated and is seen to be of the same order of magnitude as that of the diagonal terms, has been displayed. Bragg (11) No such ratio can explain away the correction applied to the 101 state in arsine, and one is left with the following rationalization: The existence of the cross derivatives depends on the lack of symmetry of the molecular electric field which is actually surprisingly symmetrical considering the fact that one of the hydrogens in the completely symmetric SbH 3 has been replaced by an atom which is twice as heavy. The increase in bond angle from stibine to arsine with its attendent enhancement of the inertial asymmetry may, therefore, be just sufficient to raise the electric asymmetry to the measureable point.
Quadrupole Moments.
Using the ratio of the Q's which has been determined above, the value of the quadrupole moment of one isotope can be determined from the other.
Which isotope to select as a standard is a moot question. The quadrupole moments of antimony have been determined from optical spectra by the following roundabout method:
Tomboulian and Bacher (19) published data on the hyperfine structure of a transition in SbII which they had observed, but they declined to identify the transition. Murakawa and
Suwa (15) The error in the estimates must be at least of the order of 50 percent but even so the agreement with the optical value for Sb 1 2 1 is astonishingly good.
Finally, one might make the comparison suggested by Gordy (7) . He has pointed out the empirical fact that the ratio of the magnetic moments of two isotopes is nearly the same as that of their quadrupole moments, and that the sense of the ratio depends upon wh( her the sign of the quadrupole moments is positive or negative. 
The average of the examples given by Gordy was 1. 12. Townes (3) takes issue with this observation but principally with the extension of the idea by Gordy to predict the quadrupole moments of elements of both different Z and N.
The existence of the isotopic species of molecule SbD 2 H and AsD 2 H might be pointed out again now that the structure of stibine and arsine are known. While the search for the transitions in these molecules analagous to the ones described in this investigation would have been tedious indeed, it is now a relatively simple task. The usefulness of these molecules lies in two places. First of all the apparent structure as determined from the microwave measurements will be interesting to compare with that obtained above. Second, the inertial symmetry of these molecules is sufficiently different to make possible the determination, perhaps, of more of the electric field structure than was possible in this investigation alone.
The spectrometer used for this work has been described previously (23) . A table of observed absorptions is appended.
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PREPARATION OF SAMPLE
The stibine was prepared as follows. An alloy of 80 percent magnesium, 20 percent antimony was powdered and placed in a reaction flask which was connected through a trap at dry-ice and acetone temperature (to remove water vapor) to the sample-collecting trap held at liquid nitrogen temperature. The appropriate acid (DC1 for SbD 3 or a mixture of DC1 and HC1 for SbH 2 D) was dripped slowly on the powder. The gas generated was swept gently along with dry nitrogen.
The alloy was prepared by placing the powders in a carbon crucible and heating to a bright-red heat in a hydrogen atmosphere. Antimony sublimes before magnesium melts so that this heating must be done quickly.
The pure DC1 was prepared by collecting the gas given off of the constant boiling mixture of D 2 0 and P 2 0 5 in excess NaCl. , (J, mJ) (I, m I )
.
When F and MF are the good quantum numbers each state will be described by a sum of terms each of which is compatible with the F and MF to be described. The number of terms in each series will be determined by the number of ways the state can be constructed. For F < J + I there may be several terms in the series for each F and MF.
There is one state whose description is limited to one term. This is the state for which F = J + I and also MF = I + J. For this one state it is sufficient to apply existing theory of the Stark effect in asymmetric tops using the J, MJ representation associated with this one state. In the case of ,J = 0 there is an allowed transition between two states, both of which lend themselves to this simple description. Furthermore, the spectral line associated with this particular transition is the most intense of the pattern.
It is on the outermost Stark component of this line, labelled by Fma x + F in the max max patterns in Figs. 6 and 7, that the measurements to determine the dipole moment of each molecule were made.
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